This study was undertaken to examine the effects of the selective serotonin reuptake inhibitors fluvoxamine and paroxetine on cognitive deficits in mice after repeated administration of the N-methyl-D-aspartate receptor antagonist phencyclidine (PCP). In the novel object recognition test, repeated administration of PCP (10 mg/kg/day, 10 days) significantly decreased the exploratory preference in the retention test session, but not in the training test session. PCP-induced cognitive deficits were significantly improved by subsequent subchronic (2-week) administration of fluvoxamine (20 mg/kg/day), but not paroxetine (10 mg/kg/day). Furthermore, the effect of fluvoxamine on PCP-induced cognitive deficits was antagonized by co-administration of the selective sigma-1 receptor antagonist NE-100 (1 mg/kg/day). Moreover, PCP-induced cognitive deficits were also significantly improved by subsequent subchronic (2-week) administration of the selective sigma-1 receptor agonist SA4503 (1 mg/kg/day) or neurosteroid dehydroepiandrosterone 3-sulfate (DHEA-S; 25 mg/kg/day). The effects of SA4503 or DHEA-S were also antagonized by co-administration of NE-100 (1 mg/kg/day), suggesting the role of sigma-1 receptors in the active mechanisms of these drugs. In contrast, acute single administration of these drugs (fluvoxamine, paroxetine, SA4503) alone or combination with NE-100 did not alter PCP-induced cognitive deficits. The present study suggests that agonistic activity of fluvoxamine at sigma-1 receptors plays a role in the active mechanisms of fluvoxamine on PCP-induced cognitive deficits in mice. Therefore, sigma-1 receptor agonists such as fluvoxamine would be potential therapeutic drugs for the treatment of the cognitive deficits of schizophrenia.
INTRODUCTION
Cognitive deficits in patients with schizophrenia are core features of the illness, and predict vocational and social disabilities for patients (Freedman, 2003; Coyle and Tsai, 2004; Green et al, 2004; Kurtz, 2005) . Multiple lines of evidence suggest that a dysfunction in glutamatergic neurotransmission via the N-methyl-D-aspartate (NMDA) receptors might be involved in the pathophysiology of schizophrenia (Javitt and Zukin, 1991; Olney and Farber, 1995; Coyle, 1996; Krystal et al, 1999; Moghaddam, 2003; Hashimoto et al, 2003 Hashimoto et al, , 2004 Hashimoto et al, , 2005b Javitt, 2004) . NMDA receptor antagonists such as phencyclidine (PCP) and ketamine are known to induce schizophrenia-like symptoms, including cognitive deficits and negative symptoms in healthy subjects (Javitt and Zukin, 1991; Krystal et al, 1999) ; consequently, NMDA receptor antagonists, including PCP and ( + )-MK-801 (dizocilpine), have been used widely in animal models of schizophrenia (Hashimoto et al, 1997; Javitt et al, 2004; Jentsch and Roth, 1999; Mandillo et al, 2003; Morimoto et al, 2002; Okamura et al, 2004; SamsDodd, 1998) .
We recently found that PCP-induced cognitive deficits in the novel object recognition test could be significantly improved by subsequent subchronic (2-week) administration of clozapine, but not haloperidol. Our observations suggested that reversal of PCP-induced cognitive deficits as measured by the novel object recognition test may be a potential animal model of atypical antipsychotic activity in relation to the amelioration of cognitive deficits in schizophrenia (Hashimoto et al, 2005a) .
One approach used to improve cognitive deficits in schizophrenic patients is adjunctive medication to antipsychotic treatment. Some selective serotonin reuptake inhibitors (SSRIs) such as fluvoxamine have shown promising results in patients (Silver, 2001 (Silver, , 2003 (Silver, , 2004 Silver et al, 2000) , although the precise mechanisms underlying the efficacy of SSRIs on these symptoms are currently unclear. We previously reported that SSRIs possess high to moderate affinity for sigma-1 receptors (Narita et al, 1996) . Among the SSRIs, fluvoxamine was the most potent (K i ¼ 36 nM) for sigma-1 receptors, and paroxetine was weak (K i ¼ 1893 nM) for sigma-1 receptors, suggesting that these receptors may in some way play a role in the mechanisms of action of fluvoxamine (Narita et al, 1996; Hashimoto and Ishiwata, 2006) . Multiple lines of evidence suggest that sigma-1 receptors play a role in the pathophysiology of neuropsychiatric diseases such as schizophrenia, anxiety disorders, and depression, as well as in the evolution of cognitive deficits associated with these conditions (Debonnel and de Montigny, 1996; Maurice et al, 2001; Su and Hayashi, 2003; Hayashi and Su, 2004; Takebayashi et al, 2004; Bermack and Debonnel, 2005; Hashimoto and Ishiwata, 2006) .
The present study was undertaken to examine the effects of fluvoxamine and paroxetine on PCP-induced cognitive deficits in mice using the novel object recognition test. We also examined the effects of the selective sigma-1 receptor antagonist NE-100 (Okuyama and Nakazato, 1996) , the selective sigma-1 receptor agonist SA4503 (Matsuno and Mita, 1998) , and the endogenous sigma-1 receptor agonist dehydroepiandrosterone 3-sulfate (DHEA-S) Takebayashi et al, 2004) on PCP-induced cognitive deficits in order to study the role of the sigma-1 receptor in the mechanism of action of fluvoxamine.
METHODS

Animals
Male ICR mice (6 weeks old) weighing 25-30 g were purchased from SLC Japan (Hamamatsu, Shizuoka, Japan). Mice in groups of 4 or 5 were housed in clear polycarbonate cages (22.5 Â 33.8 Â 14.0 cm 3 ) under a controlled 12/12 h light-dark cycle (light from 0700 to 1900 h), at 23711C and 5575% humidity. The mice were given free access to water and food pellets. The experimental procedure was approved by the Animal Care and Use Committee of Chiba University Graduate School of Medicine.
Drugs
PCP hydrochloride and the selective sigma-1 receptor antagonist NE-100 were synthesized in our laboratory. Fluvoxamine maleate was obtained from Solvay Seiyaku K.K. (Tokyo, Japan); paroxetine hydrochloride and DHEA-S sodium salt from Sigma-Aldrich (St Louis, MO, USA); and the selective sigma-1 receptor agonist SA4503 from M's Science Corporation (Kobe, Japan). Other drugs were purchased from commercial sources.
Drug Administration
Saline (10 ml/kg) or PCP (10 mg/kg expressed as a hydrochloride salt) were administered subcutaneously (s.c.) for 10 days (once daily on days 1-5 and 8-12).
In the acute experiment, vehicle (10 ml/kg) or drugs were administered intraperitoneally (i.p.) into mice 3 days (day 15) after the final administration of saline or PCP. The training session of the novel object recognition test was performed 1.5 h after administration, and the test session was performed 24 h after the training session as described below ( Figure 1a) . We also used the novel object recognition test to study the effect of the withdrawal of the drug. In these tests, the training session was performed 24 h after a single administration of fluvoxamine (20 mg/kg), and the retention test session was performed 24 h after the training session.
In the subchronic (2-week) administration experiment, 3 days (day 15) after the final administration of saline or PCP, vehicle or drugs were administered i.p. into mice. This treatment was continued for 2 consecutive weeks (once daily on days 15-28). The training session of the novel object recognition test was performed 24 h after the final administration, and the retention test session was performed 24 h after the training session as described below ( Figure 1b) . Next, we performed the novel object recognition test in order to study the comparative effects of withdrawal of the drug and the duration of treatment. The training session was performed 1.5 h after the final administration of fluvoxamine (20 mg/kg/day for 2 weeks), and the retention test session was performed 24 h after the training session.
The doses of drugs used in this study were fluvoxamine (20 mg/kg), paroxetine (10 mg/kg), SA 4503 (1 mg/kg), NE-100 (1 mg/kg), and DHEA-S (25 mg/kg). These doses had been shown to be effective in vivo as sigma-1 receptor agonists or antagonists as reported previously (Sánchez and Figure 1 Treatment schedule. (a) Acute treatment. Saline (10 ml/kg) or PCP (10 mg/kg) were administered s.c. for 10 days (once daily on days 1-5 and 8-12). At 3 days (day 15) after the final administration of saline or PCP, vehicle (10 ml/kg) or drugs were administered i.p. into mice. The training session for the novel object recognition test was performed 1.5 h after administration of vehicle or drugs, and the retention test session was performed 24 h after the training session. (b) Subchronic (2-week) treatment. Saline (10 ml/kg) or PCP (10 mg/kg) were administered s.c. for 10 days (once daily on days 1-5 and 8-12). At 3 days (day 15) after the final administration of saline or PCP, vehicle (10 ml/kg) or drugs were administered i.p. into mice. This treatment was continued for 2 consecutive weeks (once daily on days 15-28). The training session for the novel object recognition test was performed 24 h after the final administration of vehicle or drugs, and the retention test session was performed 24 h after the training session.
Sigma-1 receptor and cognition K Hashimoto et al Meier, 1997; Okuyama and Nakazato, 1996; Matsuno et al, 1997; Matsuno and Mita, 1998; Minabe et al, 1999; Zou et al, 2000; Urani et al, 2001 ).
Spontaneous Locomotor Activity in Mice Treated with Saline or PCP
At 3 days (day 15) or 17 days (day 29) after the final administration of saline (10 ml/kg, s.c.) or PCP (10 mg/kg, s.c.), locomotor activity was measured using an animal movement analysis system (SCANET SV-10, Melquest, Toyama, Japan) as reported previously (Fukami et al, 2004) .
Novel Object Recognition Test
The novel object recognition test was performed as previously reported (Tang et al, 1999 (Tang et al, , 2001 Hashimoto et al, 2005a; Ozawa et al, 2006) . The apparatus for this task consisted of a black open field box (50.8 Â 50.8 Â 25.4 cm 3 ). Before the test, mice were habituated in the box for 3 days. During a training session, two objects (various objects differing in shape and color but similar in size) were placed in the box 35.5 cm apart (symmetrically), and each animal was allowed to explore in the box for 5 min. The animals were considered to be exploring the object when the head of the animal was facing the object within 2.54 cm of the object or when any part of the body, except for the tail, was touching the object. The time that mice spent exploring each object was recorded. After training, mice were immediately returned to their home cages, and the box and objects were cleaned with 75% ethanol to avoid any possible instinctive odorant cues. Retention tests were carried out at 1-day intervals following the respective training. During the retention test, each mouse was placed back into the same box in which one of the objects used during training was replaced by a novel one. The mice were then allowed to explore freely for 5 min, and the time spent exploring each object was recorded. Throughout the experiments, the objects were used in a counterbalanced manner in terms of their physical complexity and emotional neutrality. A preference index, that is, the ratio of the amount of time spent exploring any one of the two objects (training session) or the novel one (retention test session) over the total time spent exploring respective to both objects, was used to measure memory performance.
Statistical Analysis
Data are expressed as means7SEM. Statistical analysis was performed using one-way analysis of variance analysis (ANOVA) and the post hoc Bonferroni test. P-values less than 0.05 were considered statistically significant.
RESULTS
First, we measured spontaneous locomotor activity in mice after repeated administration of saline (10 mg/kg/day, s.c.) or PCP (10 mg/kg/day, s.c.) (days 1-5 and 8-12). At 3 days (day 15) and 17 days (day 29) after the final administration of saline or PCP, there was no difference between the salinetreated group and the PCP-treated groups in terms of spontaneous locomotor activity (Figure 2 ).
In the novel object recognition test, we recently reported that the repeated administration of PCP (10 mg/kg/day for 10 days) caused significant cognitive deficits 3 days and 6 weeks after the final administration of PCP (Hashimoto et al, 2005a) . In the training session of the present study, the exploratory preferences of the two groups were the same. However, in the retention test session, the exploratory preference (approximately 40%) of the PCP-treated group was significantly lower than that (approximately 50%) of the saline-treated group 2 weeks after the final administration of PCP (Figure 3) . It seems that small deviations may be important to interpretation since the effects of PCPinduced cognitive deficits are small in this paradigm. During the training session, there were no differences between the saline-and PCP-treated groups in the total amount of time spent exploring the two objects.
In the acute experiments, the effects of a single administration of fluvoxamine (20 mg/kg), paroxetine (10 mg/kg), SA4503 (1 mg/kg), NE-100 (1 mg/kg), fluvoxamine (20 mg/kg) + NE-100 (1 mg/kg) or SA4503 (1 mg/kg) + NE-100 (1 mg/kg) were examined. The training session was performed 1.5 h after a single administration of vehicle or drug. Then, the retention test session was performed 24 h after the training session. In the training session, the Sigma-1 receptor and cognition K Hashimoto et al exploratory preference of mice with each of the drug treatments was the same as that of the control group ( Figure  3a and c). In the retention test session, none of the drugs altered the reduction of exploratory preference in mice after repeated administration of PCP (Figure 3b and d) . In our study of the effect of the withdrawal of the drug, in which the training session was performed 24 h after a single administration of fluvoxamine (20 mg/kg), the single administration of fluvoxamine (20 mg/kg, 24 h after injection) did not affect PCP-induced cognitive deficits in mice (data not shown). These findings suggest that acute administration of these drugs is ineffective for PCP-induced cognitive deficits in mice. In contrast, PCP-induced cognitive deficits were significantly improved after subsequent subchronic (2-week) administration of fluvoxamine (20 mg/kg/day). In the training session, one-way ANOVA revealed that the exploratory preferences of six groups were not significantly different (F[5,112] ¼ 1.481, p ¼ 0.202) (Figure 4a ). However, one-way ANOVA did reveal significant differences in the exploratory preferences of the six groups in the retention test sessions (F[5,112] ¼ 5.447, po0.001) (Figure 4b ). The post hoc Bonferroni test indicated that the exploratory preference of the PCP plus vehicle-treated group was significantly (po0.001) lower than that of the PCP plus fluvoxamine (20 mg/kg/day)-treated group, but not of groups treated with PCP plus fluvoxamine (20 mg/kg/day)/ NE-100 (1 mg/kg/day) and PCP plus NE-100 (1 mg/kg/day) (Figure 4b ). These findings suggest that sigma-1 receptors play a role in the active mechanism of fluvoxamine. Furthermore, in both the training session and the retention test session, the exploratory preferences of the group with subchronic administration of fluvoxamine (20 mg/kg/day for 2 weeks) alone were not different from that of the control group (Figure 4) . In our study of the comparative effects of the withdrawal of the drug and the duration of treatment, in which the training session was performed 1.5 h after the final administration of fluvoxamine (20 mg/kg/day for 2 weeks), the fluvoxamine-treated group showed significant improvement of PCP-induced cognitive deficits (data not shown). These data suggest that the effects of fluvoxamine might depend more on the duration of treatment than on the withdrawal of the drug.
The effects of another SSRI paroxetine on PCP-induced cognitive deficits were examined. As shown in Figure 5 , PCP-induced cognitive deficits were not affected by the subsequent subchronic (2-week) administration of paroxetine (10 mg/kg/day). In the retention test session, one-way ANOVA revealed that the exploratory preferences of three groups were significantly different (F[2,54] ¼ 5.565, p ¼ 0.006) (Figure 5b ). The post hoc Bonferroni test indicated that the exploratory preference of the PCP plus vehicle-treated group was not statistically significantly different from that of the PCP plus paroxetine-treated group.
Next, we examined the effects of the selective sigma-1 receptor agonist SA4503 (1 mg/kg/day for 2 weeks) and the endogenous sigma-1 receptor agonist DHEA-S (25 mg/kg/ day for 2 weeks). In the training session, one-way ANOVA revealed no difference between the exploratory preferences of the four groups (Figure 6a Effects of fluvoxamine on PCP-induced cognitive deficits in mice. Saline (10 ml/kg) or PCP (10 mg/kg) were administered s.c. for 10 days (once daily on days 1-5 and 8-12). At 3 days (day 15) after the final administration of saline or PCP, vehicle (10 ml/kg), fluvoxamine (20 mg/kg), fluvoxamine (20 mg/kg) plus NE-100 (1 mg/kg), or NE-100 (1 mg/kg) were administered i.p. into mice. The treatment was continued for 2 consecutive weeks (once daily on days 15-28). The training session for the novel object recognition test was performed 24 h (day 29) after the final administration of vehicle or drugs, and the retention test session was performed 24 h (day 30) after the training session. Values are means7SEM. The numbers on the columns indicate the numbers of animals used. **po0.01, ***po0.001 as compared with PCP-treated group. Figure 5 Effects of paroxetine on PCP-induced cognitive deficits in mice. Saline (10 ml/kg) or PCP (10 mg/kg) was administered s.c. for 10 days (once daily on days 1-5 and 8-12). At 3 days (day 15) after the final administration of saline or PCP, vehicle (10 ml/kg) or paroxetine (10 mg/kg) was administered i.p. into mice. The treatment was continued for 2 consecutive weeks (once daily on days 15-28). The training session for the novel object recognition test was performed 24 h (days 29) after the final administration of vehicle or drugs, and the retention test session was performed 24 h (days 30) after the training session. Values are means7SEM. The numbers on the columns indicate the numbers of animals used. **po0.01 as compared with PCP + Vehicle-treated group. Figure 6 Effects of SA 4503 on PCP-induced cognitive deficits in mice. Saline (10 ml/kg) or PCP (10 mg/kg) was administered s.c. for 10 days (once daily on days 1-5 and 8-12). At 3 days (day 15) after the final administration of saline or PCP, vehicle (10 ml/kg), SA 4503 (1 mg/kg), or SA 4503 plus NE-100 (1 mg/kg) was administered i.p. into mice. The treatment was continued for 2 consecutive weeks (once daily on days 15-28). The training session for the novel object recognition test was performed 24 h (day 29) after the final administration of vehicle or drugs, and the retention test session was performed 24 h (day 30) after the training session. Values are means7SEM. The numbers on the columns indicate the numbers of animals used. **po0.01 as compared with PCP + Vehicle-treated group.
Sigma-1 receptor and cognition K Hashimoto et al the PCP plus SA4503-treated group (po0.001) or the PCP plus DHEA-S-treated group (p ¼ 0.009). However, a single administration of SA4503 (1 mg/kg, 1.5 h) did not alter the exploratory preference of the PCP-treated group in either the training or the retention session ( Figure 3 ).
DISCUSSION
We reported recently that repeated administration of PCP (10 mg/kg/day for 10 days) caused cognitive deficits in mice for more than 6 weeks after the final administration of PCP, and that the PCP-induced cognitive deficits could be improved by subsequent subchronic administration of clozapine, but not haloperidol (Hashimoto et al, 2005a) . Therefore, reversal of PCP-induced cognitive deficits as measured by the novel object recognition test may be a potential animal model of atypical antipsychotic activity in relation to the amelioration of cognitive deficits in schizophrenia (Hashimoto et al, 2005a) . The major findings of the present study are that the PCPinduced cognitive deficits could be improved by subsequent subchronic administration of fluvoxamine via sigma-1 receptors. In contrast, we found that paroxetine with no affinity to sigma-1 receptors did not attenuate the PCPinduced cognitive deficits in mice. Furthermore, we found that treatment with the selective sigma-1 receptor agonist SA4503 or the endogenous sigma-1 receptor agonist DHEA-S significantly attenuated PCP-induced cognitive deficits in mice. In addition, the effects of SA4503 and DHEA-S on PCP-induced cognitive deficits were also antagonized by co-administration of the sigma-1 receptor antagonist NE-100, suggesting the role of sigma-1 receptors in the mechanisms of action of SA4503 and DHEA-S. Taken together, it is likely that sigma-1 receptor agonists are potential therapeutic drugs for the treatment of cognitive deficits in schizophrenia.
In the novel object recognition test, no differences in the total amount of time spent exploring the two objects or in exploratory preference were found between saline-and PCP-treated groups during the training session, suggesting that levels of motivation, curiosity, and interest in exploring novel objects were the same in the two groups. Repeated administration of PCP significantly decreased the exploratory preference in the retention test session, but not the training session. In the retention test session, the exploratory preference (approximately 40%) of the PCP-treated group was significantly lower (by approximately 50%) than that of the saline-treated group, suggesting that impairment of novel object exploration may not be due to memory impairment. It seems that small deviations may be important to interpretation since the effects of PCP-induced cognitive deficits are small in the novel object recognition test paradigm. Furthermore, it has been reported that the repeated administration of PCP caused social interaction deficits in animals (Mandillo et al, 2003; Sams-Dodd, 1998) . Taken together, it is likely that our model of PCP-induced cognitive deficits using the novel object recognition test may show cognitive deficits in schizophrenia (Hashimoto et al, 2005a) .
In this study, we found that PCP-induced cognitive deficits could be improved by subsequent subchronic (2-week), but not acute, administration of fluvoxamine. In the novel object recognition test, improvement by fluvoxamine was detected both 1.5 and 24 h after the final administration of fluvoxamine (20 mg/kg/day for 2 weeks), whereas no improvement by fluvoxamine was shown 1.5 and 24 h after a single administration of fluvoxamine. These data suggest that the effects of fluvoxamine on PCP-induced cognitive deficits in mice depend more on the duration of the treatment than the withdrawal of the drug.
Adjunctive medication to antipsychotic treatment is one approach used to improve several symptoms of schizophrenia (Silver, 2003 (Silver, , 2004 . It has been demonstrated that fluvoxamine (relative to the other SSRIs) can improve primary negative symptoms in chronic schizophrenic patients treated with antipsychotic drugs (Silver et al, 2000; Silver, 2001) . It is thus possible that sigma-1 receptors may be implicated in the beneficial effects of fluvoxamine, although further studies using specific sigma-1 receptor agonists would be necessary. At present, no studies have been published regarding the effects of post-treatment with fluvoxamine on PCP-induced cognitive deficits in rodents. As described above, we reported that PCP-induced cognitive deficits in mice could be improved by post-treatment with clozapine, but not haloperidol (Hashimoto et al, Figure 7 Effects of DHEA-S on PCP-induced cognitive deficits in mice. Saline (10 ml/kg) or PCP (10 mg/kg) was administered s.c. for 10 days (once daily on days 1-5 and 8-12). At 3 days (day 15) after the final administration of saline or PCP, vehicle (10 ml/kg), DHEA-S (25 mg/kg), or DHEA-S (25 mg/kg) plus NE-100 (1 mg/kg) were administered i.p. into mice. The treatment was continued for 2 consecutive weeks (once daily on days 15-28). The training session for the novel object recognition test was performed 24 h (day 29) after the final administration of vehicle or drugs, and the retention test session was performed 24 h (day 30) after the training session. Values are means7SEM. The numbers on the columns indicate the numbers of animals used. **po0.01 as compared with PCP + Vehicle-treated group.
Sigma-1 receptor and cognition K Hashimoto et al 2005a) . In the present study, we found that, similar to clozapine, fluvoxamine could improve PCP-induced cognitive deficits in mice. Therefore, it would be of great interest to examine the effects of fluvoxamine on cognitive deficits in schizophrenic patients.
Possible cellular and molecular mechanisms underlying the effects of sigma-1 receptor agonists on PCP-induced cognitive deficits cannot be fully evaluated from the present study. It has been reported that sigma-1 receptors regulate Ca 2 + release from intracellular Ca 2 + storage sites (Hayashi et al, 2000; Su, 2001, 2004) , and that injections of inhibitors of intracellular Ca 2 + released into the brain could abolish the effects of sigma-1 receptor agonists in an animal model of depression (Urani et al, 2002) . Therefore, it is likely that modulation of Ca 2 + signaling by a sigma-1 receptor agonist may play a role in the active mechanism of these drugs in the cognitive deficits paradigm, although further detailed studies are necessary.
In conclusion, the present study suggests that agonistic activity of fluvoxamine at the sigma-1 receptors plays a role in the active mechanisms of fluvoxamine on PCP-induced cognitive deficits, and that sigma-1 receptor agonists could improve PCP-induced cognitive deficits in mice. Therefore, it is likely that drugs that act as sigma-1 receptor agonists, including fluvoxamine, might potentially be used for the treatment of cognitive deficits of schizophrenia.
